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ABSTRACT

The objective of this work was to evaluate life prediction methodologies involving fretting
fatigue of turbine engine materials with advanced surface treatments. Fretting fatigue tests were
performed on Ti-6Al-4V dovetail specimens with and without advanced surface treatments.
These tests were representative of the conditions found in a turbine engine blade to disk
attachment. Laser shock processing and low plasticity burnishing have been shown to produce
deep compressive residual stresses with relatively little cold work. Testing showed these
advanced surface treatments improved fretting fatigue strength by approximately 50%. In
addition to advanced surface treatments, several specimens were also coated with diamond like
carbon applied through a non-line-of-sight process capable of coating small dovetail slots in an
engine disk. Testing with this coating alone and combined with advanced surface treatments
also significantly improved fretting fatigue strength due to a decreased coefficient of friction

along with the compressive residual stresses. This work presents a mechanics based lifing
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analysis of these tests that takes into account the local plasticity and the redistribution of residual
stresses due to the contact loading. The use of superposition of the residual stresses into the
contact stress analysis results in unconservative crack growth life predictions. Finite element
analyses were conducted to predict the redistribution of residual stresses due to the contact
loading. The redistributed residual stresses were used to make improved crack growth life
predictions when possible. The results showed very little redistribution of residual stresses for
the advanced surface treatments, however, a significant change in shot peened residual stress

gradients was predicted.
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INTRODUCTION

Fretting occurs in many aerospace components such as the dovetail attachments of turbine
blades and disks in turbofan engines or lap joints in aircraft structures. Designers often seek
palliatives such as coatings or shot-peening to reduce the negative effects of fretting on the life of
a component. Typically, however, the positive effect of these palliatives is not taken into
account in the design life of a component. Instead it may be treated as an additional margin of
safety. As the retirement age of aerospace vehicles continues to grow, the expected maintenance
cost and burden also continues to increase. This drives the need for new palliatives and/or
design methods that may allow safe increases in component usage before repair or replacement.
One option is advanced surface treatments such as laser shock processing or low plasticity

burnishing. These methods of inducing a layer of compressive residual stresses on a component,



although more costly than shot-peening, may allow new methods to take credit for residual
stresses in design as proposed by Prevey and Jayaraman [1].

In order to take design credit for a process such as LSP or LPB it must be satisfactorily
shown that the compressive residual stresses are sufficiently retained throughout the life of the
component. Thermal relaxation, plastic deformation, or other sources of damage such as fretting
or foreign object damage (FOD) could all potentially reduce or even reverse the effects of the
compressive residual stresses. It is known that plasticity in fretting contacts plays an important
role in the understanding of crack nucleation and propagation of cracks. Waterhouse [2]
observed that many anti-fretting palliatives may be disrupted by plastic deformations. Plastic
deformation in the substrate of a coated material, for example, may result in a loss of coating
adhesion and effectiveness. Intentionally induced compressive residual stresses by methods such
as shot-peening could also be disrupted by this plasticity.

Researchers have also proposed that the loss of residual stresses in a fretted material may
be an indicator to fatigue damage [3]. The authors tested shot-peened fretting samples and made
an array of residual stress measurements on the surface across the fretting scar. The results
showed that the compressive residual stresses relaxed in the fretted region. It appears that this
may be a different mechanism than the local plastic zone being proposed in this work since the
relaxation appears over a wide region. Here, the accumulation of damage at the material surface
(microcracking, scarring, etc.) may be responsible for the relaxation of residual stresses
throughout the fretted region. Since only surface measurements were taken, it is not clear if this
was only a surface phenomenon or if relaxation extended into the depth.

Previous work by the current authors applied mechanics based life prediction methods to a

series of fretting fatigue tests that included coated specimens and specimens treated with LSP or



LPB [4]. The conclusion of this work was that mechanics based predictions were accurate and
conservative for bare Ti-6Al-4V specimens and also for coated specimens. The analysis
methods, however, over predicted the lives of LSP and LPB treated specimens. The objective of
this paper was to investigate the redistribution of compressive residual stresses from several
surface treatments due to plastic deformations in a fretting problem. The influence of different
levels of compressive residual stress retention was also studied. The approach was to conduct
elastic-plastic contact finite element method (FEM) analyses to determine the level of plasticity

and residual stress redistribution in the fretting experiments.

EXPERIMENTS

The material used in this study was a Ti-6Al-4V alloy from the US Air Force National
High Cycle Fatigue program [5]. The material was o + 3 forged then solution treated and
overaged (STOA) at 932°C for 75 minutes, fan cooled, and mill annealed at 704°C for two
hours. The resulting microstructure was approximately 60% primary o and 40% transformed 3
microstructure. All of the test specimens were machined from this material. The elastic
modulus was 116 GPa and the 0.2% offset yield stress was 930 MPa. The ultimate tensile
strength was 980 MPa. Monotonic and cyclic stress-strain curve fits were generated for this
material and are plotted in Figure 1. The cyclic stress-strain curve were fit to the stress-strain
hysteresis loops from multiple strain controlled low cycle fatigue tests measured at the half life
of the specimens. These stress-strain curves will be used in the elastic-plastic contact models

described later.
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Figure 1: Monotonic and cyclic stress versus plastic strain curves used in the finite element

analysis.

A photograph of the dovetail fretting experimental setup is shown in Figure 2.
Development and testing with this fixture has been discussed previously by Conner and Nicholas
[6] and Golden and Nicholas [7]. The steel fixture worked by pulling together a dovetail shaped
test specimen and two fretting pads that had precisely machined surface profiles. Several surface
profiles have been tested including cylindrical and flat with rounded edges with varying
dimensions. All of the testing in this work were machined to a flat with rounded edges profile
with a 3 mm flat and 3 mm radii. There were several key features to this setup that differ it from
other fretting fatigue apparatus. First, the specimen was dovetail shaped which resulted in cyclic
loading of both the normal, P, and shear, Q, contact forces rather than only cyclic applied Q.
Second, the fixture was designed with replaceable fretting pads. Each experiment only required
replacement of the pads rather than the entire fixture as with other dovetail fatigue experiments

[8]. Finally, it was not possible to obtain direct measurement of the contact forces P and Q.



Many other fretting fatigue test setups did allow direct measurement of the contact forces
through placement of load cells in the load path [9]. Instrumentation of the contact loads,
however, was critical to allow validation of life prediction methods. Instrumentation was
achieved through the addition of strain gages to the fxture in location of peak strain. Calibration
of the contact forces to the strain gages was achieved through finite element modeling of the

fixture as discussed in Golden and Nicholas [7].

Figure 2: Photograph of the dovetail fretting fatigue setup.

The focus of this effort was to test and model the effects of coatings and residual stress

surface treatments on dovetail fretting. Laser shock processing (LSP) and low plasticity
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burnishing (LPB) were each applied to six specimens in the regions of contact. Half of these and
an additional five untreated specimen were also coated with diamond like carbon (DLC).

Several specimens were sent post-test for destructive measurement of the in-depth residual
stresses. The measurements were made using x-ray diffraction in a region of the specimens just
outside of the fretting scars. In-depth measurements were made by layer removal with
electropolishing. The results were shown previously in Golden et al. [11] and curve fits of those
results have been plotted in Figure 3. Also plotted is a typical residual stress profile of a shot-
peened Ti-6Al-4V specimen peened with steel shot at 6-8A intensity. These profiles were used
in the stress analysis and life prediction described later. Note that the shot-peening profile has a
significantly higher magnitude than both the LSP or LPB profiles, but the LSP and LPB

processes provide a much deeper layer of compressive residual stress.
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Figure 3: Residual stress profile curve fits. The LSP and LPB curves were fit to measurements

made in this work. The SP curve is fit to typical 6-8A intensity peening data on Ti-6Al-4V.



Room temperature tests at a load ratio R = 0.1 were conducted at several load levels on
bare Ti-6Al-4V, LSP treated, LPB treated, DLC coated, LSP + DLC, and LPB + DLC. The
results were plotted in Figure 4 and have been described previously in Golden et al. [11]. Both
the residual stress treated specimens and the DLC treated specimens each extend the life by an
order of magnitude. When DLC was combined with LSP or LPB none of the specimens were
able to be failed. The fatigue load limit of the fixture was exceeded before failure of the
specimens could occur. The contact loads and average friction coefficients for each of these tests

were measured and will be used in the stress analysis and life prediction described below.
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Figure 4: Results of the dovetail fretting fatigue tests with advanced surface treatments and

diamond like carbon coating.



ANALYTICAL PROCEDURES

Several different analysis procedures have been applied in this work. The overall objective
of this research was to develop and demonstrate effective deterministic analysis methods that
will allow accurate life prediction in dovetail geometry. These methods accounted for changes
in friction and residual stress due to surface treatments and processing. The mechanics based
approach taken was dependent on the quality of the contact force measurement or prediction as
well as the stress analysis tools. In this study, the contact forces were determined experimentally
as discussed above. In general, however, the contact forces and the bulk stresses would be
predicted from the results of a global FEM model. In either case, the local contact stresses were
then calculated using the contact geometry and forces as input to a singular integral equation
(SIE) solution (described below). In the case of applied surface treatments and/or local plasticity
the residual stresses must be superimposed with the applied stresses. The effects of
redistribution of residual stresses were a focus of the elastic-plastic contact modeling conducted
in this work. Once a complete stress field has been calculated, standard nucleation and fracture
mechanics life prediction methods were applied.

Figure 5 shows two schematics that represent the contact in the current experimental setup
and the equivalent geometry used in the contact mechanics analysis. In the experiment, the
dovetail specimen was pulled down into the contact pad. The contact pad had a surface profile
that was described by h(x). In this case, the profile was a 3 mm flat with 3 mm radii at the edges
of contact. In general, the configuration could have two materials; the specimen (E;, »1) and the
pad (E,, v»), but in this study the materials were both Ti-6Al-4V. Although the contact forces
were known from the experiment, the bulk stresses in the contact region were not. Prior studies

[12,13] have described a method to extract the bulk stress from the FEM analysis in the contact



region of a dovetail configuration. In short, the bulk stress was the FEM stress solution minus
the contact stresses. Once the contact stresses were determined analytically as described below,
they were subtracted from the FEM stress results to obtain the bulk stress. The reason an FEM
and an SIE analytical solution were both used was that each had an advantage and a disadvantage
in terms of accuracy and efficiency. The FEM solution accounted for all of the specimen or
component geometric features, whereas the SIE solution did not. The SIE solution was very fast
and accurate at obtaining the very steep edge of contact stress gradient, whereas the FEM
solution had long computational times and it was often not possible to obtain a converged stress
solution at the edge of contact, particularly in 3-D models.

The second schematic in Figure 5 shows the configuration used in the SIE analysis. A
Matlab script named CAPRI was used to solve the singular integral equations (SIE) that
describes the contact between two similar materials with a gap function h(x). CAPRI was
written at Purdue University to calculate the normal and shear contact tractions and the
subsurface stresses for an arbitrary indenter that is pressed into a semi-infinite body [14]. The
influence of the bulk stress plays a role in the calculation of the contact tractions, but must be a
known input and is not an output of the analysis. Thus, there is often a need for an FEM analysis
to determine the bulk stress as described above. Once the SIE contact stress analysis including
the bulk stress is complete, stress gradients can be extracted along the expected crack growth

paths as shown in Figure 5.
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Experiment Analysis

Figure 5: Schematic of an equivalent geometric representation of an actual dovetail used in the

singular integral equation solution to the contact problem.

After the stress gradients were calculated the next step was to calculate nucleation and
fracture mechanics stress intensity factor, K. Nucleation was not the focus of this effort;
however, prior work [15] had used an equivalent stress methodology to calculate nucleation life
based on surface stresses. This model includes the multi-axial components of stress and used a
stressed area approach to account for the local stress peak at the edge of contact. K solutions
were calculated using the weight function methodology. Mode | surface crack and through crack
weight function K solutions were written in Matlab to efficiently work with the output of CAPRI
[12,16,17]. Negative K, values were allowed to be calculated in the case of the residual stress
gradients and were plotted in Figure 6. Superposition of the residual stress K; with the maximum
and minimum applied K, resulted in a total 4K, that had a shift in R. An effective stress intensity
factor range, 4K, was then used to account for this changing R as calculated in Equation 1.
Figure 7 is a plot of AK versus crack size. Here, m is an exponent fit from crack growth data at

R values of -1, 0.1, 0.5, and 0.8 [5] and equals 0.72 for positive R and 0.275 for negative R. The
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crack growth rate and propagation life was then calculated from AKg using the sigmoidal crack
growth law shown in Equation 2. Here B, P, Q, d, Ky, and K. were constants fit to the crack
growth data with values of -18.1, 3.71, 0.235, -0.0066, 4.21 MPa+/m , and 66 MPav/m

respectively. The crack growth rate da/dN data were in units of m/cycle.
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Figure 6: Stress intensity factor due to residual stress gradients.
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Figure 7: Stress intensity factor range for combined applied load and residual stress.

A finite element model was generated to represent the dovetail fretting fatigue experiment
loading conditions and is shown in Figure 8. A simplified geometry of a 2-D plate and contact
pad was chosen rather than modeling the actual dovetail geometry. The maximum and minimum
contact forces, P, Q, and M, from the experiments were applied to the top surface of the contact
pad in a cyclic manner. Five load cycles were found to be sufficient to stabilize the elastic-
plastic response. Constraints were applied to the fretting pad to distribute the applied loads and
to control its rotation. The bulk stress was applied to the end of the plate, which represented the
fretting specimen. The plate was 15 mm deep by 60 mm long and had roller constraints on the
edges opposite the contact and bulk stress as shown in Figure 8. The model was analyzed in
ABAQUS and was meshed with 2-D plane strain 4-node bilinear elements. The element size in
the contact region was 5 um by 5 pm which was sufficient to capture the very high stress peaks
at the edge of contact and the plastic zone that developed. The nonlinear combined

isotropic/kinematic model provided in ABAQUS was used. The cyclic and monotonic stress

13



strain curves plotted in Figure 1 were the only data available for this analysis. The model was
run using both sets of data with very little difference in results for these problems. The results

shown in the following section were analyzed using the cyclic stress-strain curve.

Figure 8: Finite element model used to represent the loading conditions in the dovetail fretting

tests.

RESULTS AND DISCUSSION

The results of this work consist of the output of the elastic-plastic contact finite element
analysis, changes in the residual stress profiles, and the resulting influence on life predictions.
The life predictions in this work are focused entirely on crack propagation including short crack
growth, rather than nucleation plus propagation. Prior work [18] has shown that at the end of
interrupted fretting fatigue tests in Ti-6Al-4V cracks were often found very early in the expected
life of the specimens. Also, nucleation life predictions on these experiments [12] have

previously been shown to be on the order of 10% of the total life or less. This was expected
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since the stresses at the edge of contact were typically well above yield in an elastic analysis, and
then rapidly decreased. This lead to early crack nucleation followed by relatively slow early
crack growth. Additionally, all of the analysis in this work was limited to mode | fracture
mechanics. Again, previous analysis on these experiments [12] as well as on other fretting
fatigue experiments [19] have shown that any mode Il contribution to crack growth was expected
to be quite small. Although the calculated value of K, was significant, AK,;, was not. This,
however, did not imply that all cracks grew perpendicular to the surface. In fact, the experiments
showed that the macroscopic cracks grew approximately 15-25° from normal in a direction away
from the center of contact. This was accounted for in the fracture mechanics calculations.

In these experiments, many of the treated specimens ended as run-outs and did not fail. It
was predicted from the stress analysis, nucleation model, and fracture mechanics that despite the
compressive residual stresses and/or the low friction coatings that cracks would still form at the
edge of contact and grow a short length before arresting. This, in fact was the case as
demonstrated in Figure 9. Figure 9 is an SEM micrograph showing a crack that grew from the
edge of contact in a specimen treated with LPB. The section was mounted, ground, and polished
in the specimen thickness direction. The crack was nearly 100 pm deep in this cross-section
which was near the maximum depth found for this crack. The fracture mechanics analysis with
the El Haddad short crack correction [20] for this specimen predicts crack arrest at a depth of
approximately 60 um when the full residual stress gradient is superimposed with the applied
stress gradient. The actual crack length is longer than the predicted crack arrest which is
generally consistent with the unconservative fracture mechanics life predictions for these
experiments that was discussed earlier. The observation of a crack in this and other run-out

specimens did, however, validate the analytical results that showed cracks can nucleate, grow,
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and arrest under fretting fatigue. This has been observed in run-out tests with and without

residual stresses due to LSP or LPB.

20pum

Figure 9: Profile of a crack located at the edge of contact found post-test in a run-out experiment

that had been processed with LPB.

The contact finite element analysis with plasticity and initial residual stress distribution
was conducted for the LSP, LPB, and SP conditions. Several different loading conditions were
analyzed. These load cases used minimum and maximum values of P, Q, M, and bulk stress
taken directly from the experiments. They were representative of the range from the least to
most severe load cases found in the actual experiments. Multiple steps of maximum and

minimum load were run until the plastic zone stabilized. Five cycles was found to be sufficient.
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Analyses with both the cyclic and the monotonic stress-strain curves were run and compared, but
since the plasticity was so localized the difference was very small. The final result of interest
was the change in the initial residual stress in the model, so the final load step in the analysis was
unloading to zero applied loads. Figure 10 is an example of redistributed shot-peen residual
stresses in the specimen. The fretting pad is not shown. The surface to the right of the crack
location is under the contact. The component of stress shown is the normal stress parallel to the
surface. The affected zone was an approximately 300x300 um area at the edge of contact. Itis
observed that a significant amount of redistribution was predicted to occur in this very small
volume. This could significantly affect crack growth predictions for shot peened specimens in
the short crack regime. A plot of the redistributed SP residual stress is shown in Figure 11a.
This stress was taken along a path from the edge of contact into the depth and was compared to
the original SP residual stress gradient. The distribution peak was significantly pushed into the
tensile direction for the first 70 um. This result is important, because this peak is what is
responsible for leading to potential early crack arrest and providing a fatigue benefit. Figure
11b, however, shows that for the LPB treated specimens a very different redistribution of the
residual stress gradient occurred. The LSP treated specimens had a nearly identical trend. Here,
the near surface stresses were pushed more compressive. Slightly deeper, the residual stress

becomes more tensile to compensate.
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Figure 11: Predicted redistribution of residual stress at the edge of contact for typical contact

loading case for both a) shot peening and b) LPB.

The mechanisms for the different results in SP and LSP or LPB specimens can be
explained as followed. The modeling showed that the high compressive stress due to contact
during the negative shear reversal can combine with the compressive residual stresses to result in
a localized plastic zone as was hypothesized. This was seen in the finite element results shown

in Figures 10 and 11a. The compressive yield results in a region of residual stresses that are
19



shifted in the tensile direction. At the very near surface (20 microns deep) tensile yield occurs in
the shot peened example (Figure 11a) due to the high tensile stress due to contact during the
positive shear reversal. This results in more compressive residual stresses at the surface (0-5
um). The compressive yield zone was larger (60-70 microns deep) than the tensile, however, so
there is a zone of more tensile residual stress (5-70 wum) . Beyond 70 pum the residual stresses
become more compressive to compensate. In the LPB treated samples, it yielding was not
predicted to occur during the negative shear reversal. This was because the highest compressive
stresses due to the applied loading occur very near the surface, while the highest compressive
residual stresses occur deeper in the subsurface than those due to shot peening. The two
compressive stress peaks (applied and residual) did not sufficiently overlap to result in a
predicted plastic zone in the case of LPB. This was reflected in the predicted redistribution
shown in Figure 11b. Here, the redistribution was due entirely to the tensile yield that occurs at
the surface in the edge of contact during the positive shear reversal. The compressive residual
stresses due to LPB were smaller near the surface than those due to shot peening which also
resulted in a larger predicted tensile plastic zone. Residual stress measurements of the specimens
at the edge of contact were never performed. It was believed by the authors that the minimum x-
ray spot sizes available using the x-ray diffraction technique were much too large to capture any
expected localized change in residual stress. This may be an area of future work to either help
confirm the analysis results or better explain the experimental results.

These predictions were based entirely on homogeneous material properties. The predicted
plastic zone depths, however, were on the order of only a few grains. The local microstructure
was not taken into account in the analysis. Goh, et al. [21] showed that crystal plasticity may

result in quite different results in predictions of localized plastic zones. In their simulations of
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plasticity under a fretting contact they showed that in the case of homogeneous material
properties a small zone of cyclic plasticity develops surrounded by a larger zone that reaches an
elastic shakedown condition. Much like the results predicted in this work. When the same
material was modeled with crystal plasticity, however, a much deeper zone of ratcheting and
cyclic plasticity was predicted. Although this type of analysis has not been conducted for the
experiments in this work, Goh’s results suggests that a more accurate analysis using crystal
plasticity could result in a larger and deeper influence on residual stress redistribution.

The results of this work lead to the questions of how much of a reduction in the residual
stress gradient is required to lead to life predictions that match the experimental results. Is a
redistribution of residual stresses alone enough to explain the unconservative life predictions, or
are some other sources of uncertainty in the analysis more important? To help answer these
questions the life prediction analyses were repeated with different levels of residual stress
gradients. The SP, LSP, and LPB gradients were each scaled to 100%, 80%, 50%, 35%, 20%,
and 0% and the analyses were repeated for all of the respective fretting experiments. The SP
gradients were applied to the uncoated LSP and LPB experiments for comparison since there
were no shot peened experiments to analyze. An example of the results of this analysis is shown
in Figure 12. Crack growth to failure was predicted from a range of initial flaw sizes. In this
example, 50% of the LPB residual stress gradient or higher was predicted to result in no crack
growth for crack lengths smaller than approximately 0.5 mm. Smaller crack lengths were either
below the crack propagation threshold or not predicted to have positive stress intensity factors.
Approximately 35% of the LPB residual stress gradient resulted in a finite life prediction of
approximately 2 million cycles. Since the actual specimen was a 10 million cycle run-out, the

predicted remaining level of residual stresses in the specimen was between 35% and 50%. A
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similar analysis was conducted on all of the LSP and LPB experiments and also the hypothetical
SP samples. The predicted remaining level of residual stresses in the LSP specimens was 50-

80%. The predicted remaining level of residual stresses in the SP specimens that would result in

some specimens failing was 35-50%.
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Figure 12: Predicted remaining life as a function of crack length and percent retained residual

stress due to LPB for a typical fretting experiment.

One additional observation from these analyses has been that the SP residual stress
gradient could be predicted to be just as effective at preventing growth of fretting fatigue cracks
as the LSP or LPB residual stress gradients. Even though the LPB gradient was much deeper
than the SP gradient, it appeared that the magnitude and depth of the SP gradient sufficient to
prevent cracks of significant length (0.3 mm) from growing in these experiments, if the original
residual stresses remain unaltered. What the elastic-plastic contact analysis in this work showed,

however, was that the SP residual stress gradients appeared to be more easily altered due to
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redistribution from local plasticity than the LSP or LPB residual stresses. Additionally, prior
research showed that shot peened Ti-6Al-4V was more susceptible to thermal relaxation than
either LSP or LPB [22]. This was explained as being a result of the much higher level of cold
work imparted on the material in shot peening than in LSP or LPB. A thorough understanding of
the loading and thermal conditions and the possibility of tensile or compressive local yielding are
thus important factors to consider when designing a fatigue critical location with SP, LSP, or

LPB.

CONCLUSIONS

Mechanics based life predictions of LSP and LPB treated fretting fatigue experiments
resulted in unconservative life predictions. An elastic-plastic contact analysis was conducted to
determine the influence of plastic deformations on the residual stresses. The compressive stress
from the applied loading at the edge of contact during the reverse shear cycle was predicted to be
elastic under the test conditions in these experiments. When the applied compression was
combined with shot-peening compressive residual stresses, however, a compressive yield zone
formed that redistributed the compressive residual stresses in the tensile direction. This
compressive yield zone did not form in the case of LSP or LPB treated samples, because the
peak compression was either deeper in the material or because the peak magnitude of
compression was smaller than for shot-peening. Based on the results of the finite element
modeling, it could be concluded that redistribution of the residual stresses due to plasticity was
not the source of the unconservative life predictions on these experiments.

The elastic-plastic contact analysis of shot-peened specimens showed a significant

redistribution of the residual stresses. Although no experiments were conducted with shot-

23



peening in this work, this result reaffirms the current practice of not taking credit for shot
peening residual stresses in design.

Life predictions were conducted on all of the fretting experiments with different levels of
retained residual stresses. Predictions were then made to determine the level of retained residual
stresses that would make the predicted lives match the actual fretting fatigue lives. The required
level of retained residual stresses in the LPB specimens to correlate with the experiments was
35-50%. In the LSP specimens, the level of retained residual stresses that best correlated with
the experiments was 50-80%. This lead the authors to believe that other sources of uncertainty
besides the residual stresses not considered in the current deterministic analysis may be driving

the unconservative life prediction results.
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